Abstract. BACKGROUND: Rapid voluntary stepping has been recognized as an important measure of balance control. OBJECTIVE: The purpose of this study was to assess the feasibility and convergent validity of a Rapid Stepping Test protocol utilizing a virtual reality SeeMeTM system (VR-RST) in elderly ambulatory and independent individuals living in a community residential home. METHODS: Associations between step execution times determined by the system and the Activities-specific Balance Confidence (ABC) Questionnaire, and clinical measures of balance performance in the MiniBESTest and Timed Up and Go (TUG) test, were established in 60 participants (mean age 88.2 ± 5.0 years). All participants completed the study. RESULTS: The correlations of the ABC questionnaire and the clinical tests with VR-RST forward and backward stepping were moderate (ρ rage 0.42-0.52), and weak to moderate with sideward stepping (ρ rage 0.32-0.52). Moderate to strong correlations were found across stepping directions (ρ rage 0.45-0.87). CONCLUSION: Findings support the test's feasibility and validity and confirm the utility of the VR-RST as an assessment tool in an elderly population.
Introduction
Non-fatal injuries, such as lacerations, hip fractures, and head traumas, which can negatively affect the quality of life and increase the risk of early mortality, are a major health concern due to the growing incidence of falling in the elderly population [1] [2] [3] . In addition to the personal threat to these individuals, falls also make up a considerable amount of the elderly's medical expenses [4] . In the U.S., for example, medical expenses due to falls reached about 20 billion dollars in the year 2000 [5] , and grew to well over 30 billion dollars in 2013 [6] . According to the U.S. Census Bureau [7] , individuals older than 85 are considered a unique group and are termed "oldest old" adults, comprising nearly 14% of the total population older than 65.
Impaired balance is commonly considered a primary cause for falling in the elderly, and the risk of falling increases with age [6, 8] . Balance control involves a complex neuromuscular process, demanding somatosensory, vestibular, and visual input in reference to the environment, in order to keep the body upright and the line of gravity within the boundaries of the base of support [9] [10] [11] [12] . Balance control is characterized by dynamic, adaptive processes, including (a) proactive (self-initiated and automatically processed) control, mostly in reference to visual stimuli utilized for surveying the environment for potential barriers and for preparing a stabilizing strategy in advance, and (b) reactive balance control, which is characterized by actions in response to unexpected external perturbations, which are generally perceived through somatosensory stimuli [13] . Each control system contributes to balance control according to the demands and to the availability of the information. In addition, when one system is deficient the other system may compensate [11] .
There are several strategies for responding to balance perturbations; the most commonly used are ankle and hip strategies [12] . When the ankle and hip strategies are insufficient to prevent a fall that occurs particularly when perturbations are unexpected and of large amplitude, rapid stepping resulting in "change in support" is necessary [14] . This is the most effective way to prevent falling [15] , but rapid step execution is often impaired in the elderly [16] [17] [18] . Therefore a rapid step execution test (RST) utilizing a somatosensoric cue and force plate measures has been utilized to identify rapid step response time of elderly individuals at risk for falls. These measures were able to differentiate between fallers and non-fallers, while the use of functional tests such as the Berg Balance Scale (BBS) and the Timed Up and Go test (TUG) are less conclusive [19] . In follow-up studies, the RST measure was found to be valid [20] and reliable [21] . However, force platform assessments are often not feasible in the clinical setting, due to cost and technological issues. Therefore, efforts have been made to enable the utilization of RST execution within a more simple, user-friendly, and inexpensive test environment. One solution for low-cost devices is stepping plates on the floor attached to a video screen [22, 23] .
Virtual reality (VR) systems have acquired an exponentially growing interest in rehabilitation, with almost two-thirds of the scholarly contributions published about VR systems in rehabilitation directed toward stroke survivors and the elderly as the main end-users [24] [25] [26] ). The effectiveness of utilizing VR technology as an intervention for facilitating mobility and balance after stroke has been established in a meta-analysis of 16 randomized studies, with a marked effect size after VR training in participants compared to controls being reported [27] . In addition, the usefulness of this technology for measuring fall risk in older people has recently been signaled with a specifically designed stepping choice reaction time test [28] . SeeMe R Brontes Processing (Gliwice, Poland), an off-the-shelf VR evaluation and training system that can be tailored by the operating clinician to the capabilities of individuals with impairments [22] [23] [24] , was developed by a physiotherapist team during the first decade of the 21st century and reliably applied for upper extremity reaching [29] . However, until now, no RST has been described utilizing on an off-the-shelf VR platform using only a computer, a video camera, and a screen. Following preliminary results with the SeeMe VR system, previously presented in a conference poster [30] , the objectives of the present study were to assess RST in the forward, sideward, and backward directions, and to inform the convergent validity of these tests by means of associations between step execution time as determined by the SeeMe system and clinical measures of balance performance and fear of falling. A secondary purpose was to assess the impact of age across measures. 
Methods

Participants
All independent residents of a senior living retirement center targeting a middle-class Caucasian population were invited to participate in this study. Sixty volunteers (mean age 88.2 ± 5.0 years) residing in this center participated in the study. The inclusion criteria were: (a) age above 65; (b) able to walk independently with/without assistive devices; (c) able to respond to auditory and visual instructions and stimuli; and (d) willing to sign the consent form. The exclusion criteria were: (a) medical conditions prohibiting the ability to perform the MiniBEST balance test [31, 32] ; and (b) having an acute injury, a disease, or acute pain. Figure 1 describes the participants' selection process. Our sample included a large cohort of "oldest old" adults, and in order to reflect the specific sensitivity of our system for balance control with growing age, the RST and clinical balance outcomes within our sample were compared across age subgroups. The participants were divided into two subgroups of participants: aged 85 and below (n = 18: 4M; 14F), and aged 86 and above ("oldest old"; n = 42: 8M; 34F). Table 1 describes the participants' background variables related to their functional and community participation details relevant to balance and mobility. The study was approved by the Institutional Ethical Review Board of the Faculty. An informed consent form was signed by all the individuals participating in the study.
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Instruments
SeeMe platform
SeeMe R Version 1.0 (Brontes Processing, Gliwice Poland) is a clinician-controlled exercise and assessment system utilizing projected video capture by means of a webcam and Microsoft Kinect technology, a PC, and a 42-inch LCD screen. The design and structure of the SeeMe system are demonstrated in Fig. 2 . The off-the-shelf system consists of several games.
VR react game
In this game, virtual balls appear randomly at predetermined distances on both sides of the screen (see Fig. 3 ). In this task the participant touches the virtual ball with his/her arm or foot. The system records the response time and the number of correct actions vs. misses. In the current study a specific setup and protocol of this game was used, labeled the Virtual Reality Rapid Stepping Test (VR-RST). This protocol included one 90 sec training session, and three 60 sec-long testing sessions of the React game within the SeeMe VR platform.
The game was projected on a 42-inch TV screen. A webcam was located 50 cm above the floor, 150 cm away from the participant, who stood within a 30 cm square area marked with tape on the floor. The camera was rotated at an angle of 30 degrees toward the highlighted square. Four sets of trials were programmed and executed, the first (a) for habituation and the others (b-d) for measurement:
(a) A 90 sec acclimatization game, in which each participant gained some experience with the game environment. The participant interacted with the game for 30 sec while facing the camera and executing side stepping. This was followed by two periods of 30 sec facing the screen with either the left or right side of the body, and executing forward and backward steps with the right and left foot, as appropriate; Step test in the SeeMe system.
(b) A 60 sec series of game interactions at the frontal plane; (c) A 60 sec series of game interactions with the right side to the camera and screen, in which the right foot executed the steps forward or backward; and (d) A 60 sec series of game interactions with the left side to the camera and screen, in which the left foot executed the steps forward or backward. During each of the three actual test series (frontal, right foot, left foot), the system was set to project on the screen 10 balls per 30 sec, for a total of 20 balls for the 60 sec game. The participant started each game while standing on a square area marked by tape. The instructions were to step toward the target as soon as it appeared, as fast as possible. The balls appeared at random on the participant's left or right and frontal or backward direction. If the participant did not manage to touch a ball within a given time of 3 sec, the ball disappeared and another ball appeared at a random spot on the screen (50% to the left or right in the frontal plane and forward or backward in the sagittal plane games). The median step response time was calculated out of all the steps performed in each direction (right, left, forward, backward).
Activities-specific Balance Confidence (ABC) scale
This is a 16-item self-report questionnaire that asks individuals to rate their balance confidence in performing specific ambulatory activities, on a numerical rating scale of 0-100. A score of zero represents no confidence, while a score of 100 represents complete confidence in performing the activity. The scale was found reliable in elderly and post-stroke populations [33, 34] , and is often used as an indication of fear of falling [35] .
MiniBESTest
The original Balance Evaluation Systems Test (BESTest) was developed as a clinical balance assessment tool that aims at targeting different balance control systems, so that specific rehabilitation approaches can be designed for different balance deficits [36] . This 36-item version was later abridged into a more practical system called the Mini-BESTest [32] . This test is comprised of 14 items, retaining four out of the six balance categories (anticipatory postural adjustments, postural responses, sensory 
Timed Up and Go (TUG)
This is a quick, simple, and widely-used clinical outcome measure of lower extremity function, fall risk, and mobility [38] . In this test participants are asked to stand up from sitting in a standard-height chair, walk a distance of 3 m (marked on the floor) at a comfortable pace, turn, walk back, and sit down again. Participants are allowed to use routine walking aids and are instructed not to use their arms to stand up. The TUG is a part of the MiniBESTest, but is often used as a stand alone test to assess functional mobility. Scoring in the MiniBESTest is on an ordinal scale, while in the TUG the number of seconds needed to complete the test is recorded with a stopwatch. Timing starts on the command "Go" and stops when the participant's back is positioned against the back of the chair after sitting down again [39, 40] .
Procedure
After reading and signing the informed consent form, the participants completed a demographic questionnaire and the ABC questionnaire. They then performed the functional balance assessment utilizing the MiniBESTest (14 sub-test), including the TUG. After a 2-min rest period they completed the VR-RST. The entire procedure lasted about one hour.
Statistical analysis
Since the outcomes of VR-RST did not present a normal distribution, non-parametric statistics were used. RST times are presented in median and range. Spearman Rank correlations were computed to describe the correlation between the VR-RST and the functional balance measurements (Mini-BEST and TUG) or and between the VR-RST and the fear of falling scale (ABC). Significance was set at p 0.05. Benchmarks for correlations were r 0.35 considered as low or weak correlations, r between 0.36 to 0.67 modest or moderate correlations, and r between 0.68 to 0.90 as strong or high correlations, 0.60*** 0.62*** 0.58* 0.57*** 0.59*** 0.45 Note: *= p < 0.05; **p < 0.01; ***p < 0.001. Table 5 Spearman correlations between VR-RST and clinical balance tests with r coefficients 0.90 as very high correlations [41] . While not the primary purpose of the study, age groups were compared via t-tests to assess the hypothesis that the "oldest old" would have lower outcomes compared to those of the less old.
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Results
All participants completed the study. The median and range of the VR-RST scores are presented in Table 2 . The means and SD scores of the clinical functional tests (Mini-BESTest and TUG) and the ABC questionnaire are presented in Table 3 . The correlations between the VR-RST sub-domains, i.e., stepping forward, backward, and sideward, are all strong, and are presented in Table 4 , while the correlations between the VR-RST and the clinical tests are presented in Table 5 . Significant moderate to strong correlations were determined between the VR-RST in all directions and weak to moderate correlations were determined between the VR-RST and the Mini-BESTest, the TUG test, and the ABC questionnaire. The correlations between the Mini-BESTest and the forward and backward steps (ρ = −0.52) were higher than the correlation between the Mini-BESTest and the sideward steps (ρ = −0.32). Similarly, the correlations between the TUG test and the forward and backward steps (ρ = −0.46 and −0.42, respectively) are higher than between the TUG test and the sideward test (ρ = −0.37). A different pattern emerged regarding the correlations between the ABC and steps in different directions, as the strongest correlation was with backward steps (ρ = −0.46), whereas the correlation with the forward and sideward steps were both ρ = −0.35.
When comparing the groups of old (85 years and below) and very old adults (above 85 years), we did not find any significant differences in the TUG functional test, ABC questionnaire, or VR-RST results. However, we did find significant differences across age groups in the MiniBESTest (t 1,58 = −2.4; p < 0.03).
Discussion
In spite of the age of the participants (nearly two-thirds were above 85 years old), no adverse effects occurred while executing the tests. The durations of the rapid steps performed within the VR-RST setup with the SeeMe platform, with median scores of 1133, 1083, and 1037 ms for forward, backward, and sideward stepping, respectively (see Table 2 ), are in agreement with RST to somatosensory cues by means of force plate measurement [19] . The VR-RST scores appear to be very similar to the outcomes of the choice reaction test in the frontal plane performed by 104 elderly individuals in an Australian study, which revealed mean total step times equal to 1231 ± 242 ms for fallers and 1113 ± 151 for non-fallers [28] . The values of the non-fallers in the latter study are within the range of the findings in our sample, in which two-thirds were comprised of non-fallers.
Step durations in the current study seem to be moderately to strongly associated with commonly-used clinical measures of balance performance in the elderly. The strongest association was with the MiniBESTest, which provides a comprehensive measure of balance in the elderly. The Spearman correlations found in our study of the RST with the TUG test and the ABC questionnaire were stronger than those found in a study of 167 elderly adults with a 10-year younger mean age than in our sample, which used a different version of the RST, averaging ρ = 0.346 and 0.321, respectively [42] . However, in the latter version of the RST, a different outcome measure was used, i.e., the total time of 24 steps in forward, backward, and sideward directions, and the response was performed to the experimenters' verbal commands rather than to visual cues.
Several sources of information indicate that elderly persons are more likely to experience posterior rather than anterior or lateral falls. For example, in a study of 242 older adults (mean age 80 ± 4.4 years), it was found that reactions to perturbations in the posterior direction best discriminated between those who reported falling in the past 12 months and those who did not [43] . In an earlier study that examined protective mechanisms while falling, it was determined that pelvic impact was involved in more than 90% of the posterior falls, but in only 23% of the lateral falls and in none of the anterior falls [44] . Based on these findings, it may be expected that the elderly will develop a more prominent fear of falling backward rather than towards other directions, as is reflected in our finding of stronger negative association between the backward steps in the VR-RST and the total ABC score (Table 5) . Those who have a faster backward step response appear to be more confident in keeping their balance while backward stepping.
The TUG involves mostly locomotor activity in the posterior-anterior plane. Similarly, the MiniBESTest's score is composed of 14 tasks that represent a variety of activities, with only two of them in the lateral plane [34] . The stronger association of these tests with response time in forward and backward step execution using the VR-RST is another indication for the validity of the proposed VR assessment method.
The lack of differences in the VR-RST between the old and "oldest old" groups in most variables as revealed in our study is noteworthy, since research typically indicates a deterioration in balance capabilities with aging [45, 46] . One reason for the lack of such a finding in our sample might be the participants' relatively high degree of functioning, with only one-third having experienced falls in the previous year.
Conclusions
The VR-RST system described in this study appears to be a safe and valid measurement device in elderly ambulatory and independent individuals living in a community residential home. The fast-step duration times measured by means of the VR-RST system in this sample of older adults exhibited moderate significant correlations with functional balance tests, and were within the range of force plate measurements in other studies for a similar task. Therefore, based on these results, we suggest that the VR-RST may be a useful tool for clinicians working with a geriatric population, or any other population experiencing balance disorders. Future studies are warranted to evaluate the repeatability of results in the same participants, as well as the sensitivity and specificity for fall detection. Other studies evaluating the responsiveness of the VR-RST are also needed, and their results should, again, be compared to the findings of clinical tests. If satisfactory outcomes are revealed, the VR-RST may be further implemented as a tele-measurement system for balance assessment, which may save administration costs as well as increase the individual's independence regarding his or her assessment and training process.
